Ultrasound technology is widely used to make assessments of arterial function. The delicate nature of these measurements requires that sources of errors are limited. Therefore, the aim of this study was to assess variability due to probe selection and optimization settings. Methods: Ten healthy 20 -26 year old male and female subjects were tested. Brachial artery size (diameter) was measured thirty times a second using a B-mode Ultrasound unit equipped with a high-resolution video capture device. Distension was calculated using systolic and diastolic diameters. To assess intersession variability, we made recordings over twelve minutes; with the probe being removed and re-positioned every four minutes. To assess variability due to probe selection and optimization, we manipulated four parameters: 1) Probe selection (7 -13 MHz, 5 -10 MHz, 6 -9 MHz); 2) Probe frequency (11 MHZ, 9.6 MHZ, 8 MHz); 3) Measurement location (near, center or middle field); And 4) Image mode (B-mode, duplex-mode). To assess inter-session variability, three sets of recordings were made for each probe selection and optimization setting. Results: Mean diameter ICC's for inter-session variability, probe frequency, measurement location, image display size, and probe selection were 0.99, 0.98, 0.97, 0.99, and 0.90 respectively. Distension ICC's for intersession variability, probe frequency, measurement location, image display size, and probe selection were 0.66, 0.26, 0.62, 0.60, and 0.51 respectively. Conclusions: Altering probe selection increases measurement variability to the greatest extent. However, as long as probe selection and optimization settings are kept constant, our inter-session variability shows that reliable measurements can be made.
INTRODUCTION
Ultrasound is widely used for the diagnostic assessment of the carotid and peripheral arteries. The elastic properties of carotid and peripheral arteries are assessed by studying dynamic properties of the arterial walls. Through measurement of arterial distention, together with local blood pressures, indices of arterial stiffness can be calculated. Assessments of arterial stiffness have shown to predict future cardiovascular complications [1] [2] [3] [4] .
In order to calculate arterial stiffness, the diameter of a given artery must be continuously measured across the cardiac cycle. For a carotid artery, this may entail measurements that range from 8.0 mm to ~ 8.3 mm, a distention of 0.3 mm. For peripheral arteries, the distention range will be much lower. Therefore, even small variations in systolic or diastolic diameters can notably impact distention measurements. For this reason, it is important to limit possible sources of error. However, the requirement for standardization of ultrasound technical settings has not been reported in the literature.
The aim of this study was to assess variability due to probe selection and optimization settings. To assess variability due to probe selection and optimization four parameters were manipulated: 1) Probe selection; 2) Probe frequency; 3) Measurement location; And, 4) Image mode. To assess inter-session variability, three recordings were made for each parameter.
METHODS

Subjects
Ten healthy 20 -26 year old male and female subjects were tested. Informed consent was obtained from the subjects after they were given a detailed description of the procedures. The study was approved by the University of Georgia Institutional Review Board. Subjects were excluded from the study if they demonstrated any cardiovascular disease health risks or were taking medications with known vasoactive properties. Subjects were asked to abstain from caffeine, high-fat foods, and alcohol for 24 hours prior to testing.
Protocol
Testing commenced following at least 20 minutes of quiet supine rest. All measurements for a given subject were made in one sitting. Brachial artery size (diameter) was measured using a B-mode Ultrasound unit equipped with a high-resolution video capture device. Diastolic, systolic and mean diameters were recorded. Recordings were made using eleven probe selection and optimization settings (see Table 1 ). To assess inter-session variability, three sets of recordings were made for each probe selection and optimization setting, with the probe being removed and re-positioned every four minutes. The three probes were linear array transducers. To compare probes the highest imaging frequencies were set for each probe (LA39, 11 MHz; 739, 9 MHz; 546, 6.6 MHz). Aside from the probe comparison measurements, the highest resolution probe (LA39) was used. Aside from the location measurements, images were focused on the center of the image display field. Aside from imaging mode measurements, B-mode was used. Care was taken to ensure that the same portion of the brachial artery was imaged for all measurements. Subjects were asked to hold their breath for ten seconds for each recording.
Diameter Measurements
High-resolution Brightness-mode (B-mode) ultrasound measurements were made using a GE 400CL duplex color Doppler unit (GE Medical, Milwaukee, Wisconsin). The brachial artery of the left arm was measured in the distal third of upper arm. Care was taken to ensure that the vessel clearly extended across the entire [un-zoomed] imaging plane to minimize the likelihood of skewing the vessel walls. Magnification and focal zone settings were then adjusted to optimize imaging of the proximal and distal vessel walls. The image was comprised of 400 × 400 pixels over an area of 16 × 16 mm, with a pixel resolution of 0.04 × 0.04 mm. A specialized probe holding device enabled precise positioning and ensured that pressure on the artery was minimized. The precise position of the ultrasound probe was recorded and marked.
Diameter Analysis
Moving Picture Experts Group-2 (MPEG-2) recordings were captured using a Dell Laptop PC equipped with a video capture device (ADS technologies, Cerritos, California). Video files collected at 30 frames/second were converted to Joint Photographic Experts Group (JEPG) images and subsequently used to make 30 diameter measurements/second. JPEG images provide comparable accuracy for ultrasound image measurements compared to the Digital Image and Communications in Medicine (DICOM) standard [5] . Images were measured offline using semi-automated edge-detection software custom written to interface with the LabVIEW data acquisition platform (version 8.1, National Instruments, Austin, Texas) [6, 7] . Custom written Excel Visual Basic code was used to fit peaks and troughs to diameter waveforms in order to calculate diastolic, systolic, and mean diameters. The within-session SEM3,1 for diameter measurement with the described set-up is 0.046 mm. The between-day coefficient of variation is 2.7% for resting diameter measurements [8] .
Statistical Analysis
Statistical analysis was undertaken using SPSS 13 for windows (SPSS Inc, Chicago, IL). The single measures intra-class correlation coefficient (ICC) were calculated using a two-way mixed effects (absolute agreement) model where subject effects are random and the optimization/probe settings fixed. In general, values above 0.75 can be considered to represent excellent reliability, values between 0.4 and 0.75 represent fair to good reliability and values below 0.4 represent poor reliability [9] . Standard error of measurement (SEM) and respective confidence intervals were calculated using Eq. 1 and Eq. 2:
where SD = the sample standard deviation, and ICC = as calculated above. Bland-Altman plots were constructed to provide an indication of systematic bias and random error [10, 11] .
The 95% confidence intervals of limits of agreement were calculated using Eq. 3:
where: d = the sample bias (mean difference), and SD = standard deviation of differences. The ICC for D ∆ shows poor reliability. The %SEM is notably higher for D ∆ than for systolic or diastolic diameters. Table 4 shows the variability for diameter measurements for each ultrasound setting. 
RESULTS
Within-Session Variability
Diameter Measurement Variability across Ultrasound Settings
Diameter Measurement Variability for Each Ultrasound Setting
DISCUSSION
This study shows that arterial diameters can be reliably measured within-session, but that measurement error for arterial distention calculation is notably higher. Also, it was found that variations in ultrasound probe selection and optimization settings contribute to some measurement bias, though with little impact on the reliability of diameter measurements. However, variations in ultra- sound probe selection and optimization settings notably impact the reliability of arterial distention measurements.
Probe Selection and Frequency Settings
Across ultrasound settings we found that probe selection had the greatest impact on reliability for both diameter and arterial distention measurements. The lower frequency bandwidth probe (546, 6.6 MHz) resulted in bias towards smaller diameter and distention measurements. Decreasing the frequency of the LA39 probe also resulted in bias towards smaller diameter values, although this did not affect distension.
Probe selection and frequency settings may be dependent on the population sample, i.e., subjects with higher subcutaneous fat will require a probe that operates at a lower frequency bandwidth. Probe selection may also be dependent on the artery being assessed, i.e., deeper arteries will require a lower frequency bandwidth. Furthermore, during the course of an intervention study, optimal probe selection may be dependent on body compositional changes. This study shows that probe selection needs to be standardized for a given subject if repeated measures are to be made. Furthermore, diagnostic meaning for population comparisons may be influenced if different probes are used to compare populations.
Ultrasound Imaging Mode Selection and Imaging Field
Another important finding of this study pertains to the imaging display, i.e., B-mode vs. PD-mode (duplex). We found that PD-mode results in marginally smaller diameter and distention values. However, altering the imaging display did not affect the reliability of these measurements. We found that changing the location from a near-field to far-field did not notably impact reliability, but did result in progressive bias towards smaller diameters. The imaging display selected will be dependent on whether simultaneous blood velocity measurements are required. Reliable measurements can be made when imaging in PD-mode, however if repeated measures are to be made, then it is advisable that the imaging display remain constant. It is also advisable that image focus is maintained central to the ultrasound field.
CONCLUSIONS
Ultrasound can reliably measure arterial diameters and distension for the duration of a given test session. However, alterations to probe selection and optimization settings -particularly probe selection -can have a signifycant impact on measurement precision. Although reliability is often more important than absolute accuracy for serial exams, measurement differences due to variations in instrument settings may, nevertheless, be interpreted as having substantive diagnostic meaning. It is therefore recommended that ultrasound probe selection and optimization settings are standardized for repeated measurements, and preferably across subjects.
